INTRODUCTION
============

Subarachnoid hemorrhage (SAH) is one of the destructive neurological diseases that lead to high mortality and disability \[[@B1]\]. Although the diagnosis and treatment strategies for SAH has improved and the mortality rate after SAH is decreasing, but it is still between 25\~50% worldwide \[[@B2], [@B3]\]. SAH occurs in relatively young individuals, and many survivors suffer long-term neurological and cognitive disorders \[[@B4]\]. The aetiology and path physiology of SAH related vasospasm remain controversial \[[@B5]\]. Early brain injury after SAH includes cell death, inflammatory, physiological, mechanical and ionic disturbances. Inflammation occurs in the subarachnoid space, and cells such as lymphocytes and macrophages have been observed in this space 2\~5 days after initiation of SAH \[[@B6]\]. It has been shown that both lymphocyte-associated antigen-1 monoclonal and human anti-CD11/18 monoclonal antibodies inhibited the cerebral vasospasm after experimental SAH in the presence of hemoglobin \[[@B5]\]. The above data clearly showed that inflammation can play a role in formation of cerebral vasospasm after SAH. In their recent work, Rowland and colleagues (2012) reported that neurons, endothelia and astrocytes are the main cells that are damaged post SAH \[[@B6]\]. The constriction in arteriolesis more important than delayed vasospasm within large vessels in SAH complications \[[@B7]\]. It has been proposed that atrophy usually occurs in the temporal lobes after SAH that may correlate with neurocognitive deficits without any central structural lesions \[[@B8]\].

Mesenchymal stem cells (MSCs) have been widely used in the experimental studies, because of the proliferation and differentiation capabilities such as mesenchymal lineage cells, including neurons and cardiomyocytes, with no ethical issues \[[@B9]\]. These cells are capable to secret cytokines, chemokines and growth factors \[[@B10]\]. MSCs are recognized with great potential for cell transplantation therapy of neurological diseases and injuries to the central nervous system (CNS) \[[@B11]\]. Also, these cells have some advantages for autologous transplantation such as availability; easy use; the capacity to cross the blood-brain barrier, and migration throughout the CNS. In addition, MSCs enhance angiogenesis, synaptogenesis and neuritogenesis in the damaged brain tissue; they can also promote functional recovery after experimental brain injuries \[[@B12]\].

Transplanted MSC were shown to improve the injured area by differentiation into special region in the injection site, induction of angiogenesis, modification of inflammation, and activation of intrinsic stem or progenitor cells \[[@B10]\]. MSCs have been directly introduced into the injured area, or via circulation route \[[@B13]\]. Lately, several studies have reported the success in administration of MSCs in treating experimental stroke. However, only one study has been reported the therapeutic benefits of MSCs in experimental SAH \[[@B14]\]. Previously, we investigated the cerebral recovery rate with MSCs, and showed that these cells were suitable candidate for treatment of SAH in an animal model. Intravenous (I.V) transplanted MSCs were shown to differentiate into glial, neuronal, and arterial endothelial cells. Also, functional defects as end results of SAH were improved in rats receiving MSCs as measured by Neurological Severity Score (NSS) test \[[@B1]\]. To our knowledge, fine structure of vessel wall and cerebral cells after stem cell transplantation in SAH model has not been studied by transmission electron microscopy (TEM). Therefore, in completion of our previous work \[[@B1]\], the aim was to investigate the ultrastructural architecture of neural cells and cerebral arterial wall in SAH rats receiving MSCs transplantation via I.V route.

MATERIALS AND METHODS
=====================

Sixteen female Wistar rats (8 per group) weighing 275\~300 g were assigned to control (SAH+PBS) and experimental groups (SAH+MSCs).The animals were kept and cared according to the guideline of laboratory animals at our university.

Induction of subarachnoid hemorrhage
------------------------------------

Donor rats were anesthetized and their femoral arteries were isolated for blood withdrawal. Using a 27-guage needle, 0.3 ml of unheparinized blood was withdrawn from the donor rat and injected through the free end of the calibrated tube into the subarachnoid space of the experimental rat over 30 s. Following each injection, the tube was cleared of blood by injection of 0.05 ml of physiological saline. Rats were then given a subcutaneous injection of 1.5 mg/kg butorphanol 3 times a day on the first post operative day. The muscle layers were used to cover the tube and the wound was closed with the skin sutured around the injection tube. Each rat was placed in an individual cage and allowed to fully recover.

Animal groupings
----------------

24 h after induction of SAH, 1 ml of PBS was injected into the tail vein of rats in the control group (SAH+PBS), and 3×10^6^ MSCs was administered via I.V for experimental group (SAH+MSCs). Isolation and expansion of MSCs (3 passages) was performed using tibias and femurs of male rats as bone marrow donors. The animals were killed 14 days post SAH using perfusion and fixation technique. Briefly, after induction of general anesthesia, perfusion-fixation was performed transcardially with 200 ml of 0.1 M phosphate buffer (PH 7.2, osmolarity 400\~425) followed by 400 ml of 1% glutaraldehyde with 2% paraformaldehyde in 0.1 M phosphate buffer (PH 7.2). After fixation, the brains were quickly removed from the skull. Then, dorsal cortical section of parietal lobe as well as the M1 segment of middle cerebral artery (MCA), extending from its origin to where it terminates into the superior and inferior trunks was fixed in 2% paraformaldehyde for further histological assessment. The MCAs were studied primarily because of their widespread distribution to vital cortical regions.

Morphological studies
---------------------

For this portion of the experiment, light microscopy was used to examine cerebral arterial wall and parietal lobe of each brain. Then, each parietal lobe was cut into seven equally spaced coronal blocks and embedded in paraffin. A series of 5 µm thick sections at various levels (100 µm intervals) was cut from each block and stained with hemotoxylin and eosin (H&E) for further analysis.

Tissue processing for TEM
-------------------------

The specimens were washed in 0.1 M phosphate buffer, then post-fixed in 2% aqueous osmium tetroxide in 0.1 M phosphate buffer for 2 h. After several washes in deionized water, the specimens were dehydrated in a graded series of ethanol solutions. The alcohol was removed with propylene oxide, and subsequent 50/50 propylene oxide and fresh Araldite solutions (Sigma Co., USA), which was left overnight on the rotary mixer. The embedding medium was replaced twice with freshly mixed Araldite for 6 h. Each segment of tissue was embedded in fresh Araldite in individual gelatin capsules, which were finally placed in an oven for 48 h at 60℃ for polymerization.

Blocks of tissue were prepared for sectioning on a Reichert Ultra microtome (OMU3). The1 micron semi-thin sections were cut, stained with 1% Toluidine Blue in 1% sodium borate for 30 s at 60℃, and studied with light microscope. The blocks were further trimmed and 60 nm thick ultrathin sections were cut for electron microscopy. The sections were picked up on copper grids and stained with uranyl acetate for 15 min in dark and lead citrate for 2 min in a Co~2~ free atmosphere. The grids were then rinsed in deionized water, dried, and stored in a grid-box. The grids were observed under a Phillips 300 TEM at accelerating voltage of 60 KV.

RESULTS
=======

General and gross examination
-----------------------------

The SAH rats developed drowsiness, but none of them showed any severe paralysis. Clot accumulation was observed over the ventral surface of the brains. The clot accumulation usually extended from the medulla to the superior border of the pons in contact with basilar arteries. Clots were similarly scattered in areas around the origin of middle cerebral arteries ([Fig. 1](#F1){ref-type="fig"}).

The cerebral vasculatures as well as cerebral tissue from parietal lobe of animals that underwent MSC therapy did not show any noticeable changes at light microscopy level, when compared with the rats from the other group ([Fig. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). Mild spasms were observed in some cerebral arteries. In addition, cellular infiltration was observed in cerebral tissues from experimental animals ([Fig. 3B](#F3){ref-type="fig"}).

Control group (SAH+PBS)
-----------------------

Arterial layers of intima, media, and adventitia showed severe abnormalities in rats sacrificed post SAH ([Fig. 4A, C](#F4){ref-type="fig"}). The intimal surface of the MCA showed structural evidence of contraction. Smooth muscle necrosis with numerous vacuoles filled with amorphous material and degenerating mitochondria were other arterial alterations (4A). The myo-necrosis with disruption of myofibrillar structure or cellular membranes and increased amount of material (i.e. collagen) in the intercellular spaces contributed to medial thickening of the arterial wall ([Fig. 4A](#F4){ref-type="fig"}). In addition, varying degrees of cortical injury, including the presence of injured dark neuron surrounded by few normal neuronal cells, were observed in cortex following SAH ([Fig. 5A](#F5){ref-type="fig"}, [6A](#F6){ref-type="fig"}). Electron microscopy showed swelling of numerous neuronal mitochondria. Also, considerable extracellular edema was observed in the cortical sections (6A). In addition, axonal degeneration with ruffling of the laminae of the myelin sheaths was other ultrastructural findings ([Fig. 6A](#F6){ref-type="fig"}). Presence of degenerated dark neurons with amorphous appearance of cytoplasm were other findings in SAH+PBS rats ([Fig. 6C](#F6){ref-type="fig"}). Fine morphological status in cerebral tissues of rats summarized in [Table 1](#T1){ref-type="table"}.

Experimental group (SAH+MSC)
----------------------------

The ultrastructure of the arterial wall was relatively uninterrupted, with no area devoid of endothelial cells ([Fig. 4B](#F4){ref-type="fig"}). However, convoluted endothelia were clearly visible ([Fig. 4D](#F4){ref-type="fig"}). Four to five layers of smooth muscle cells with no muscle necrosis were apparent ([Fig. 4B](#F4){ref-type="fig"}). In some areas, intercellular irregularity was noticeable. Also, there were no adventitial inflammatory infiltrates ([Fig. 4B](#F4){ref-type="fig"}). The fine picture of neural tissue revealed intact neurons with well-defined nuclear membrane ([Fig. 5B](#F5){ref-type="fig"}). However, some dendritic damages were noticed in some neural area ([Fig. 6D](#F6){ref-type="fig"}). The Golgi apparatus and mitochondria showed no unusual features, and were distributed normally in the cell body ([Fig. 6B, D, and E](#F6){ref-type="fig"}). In brief, the nucleoli, nucleus, Nissl substance, and cellular organelles were not altered. In addition, there was no sign of edema in the parietal cortex ([Fig. 6D, E](#F6){ref-type="fig"}). [Table 1](#T1){ref-type="table"} presents the ultramorphological status in cerebral tissues of SAH+MSC rats.

DISCUSSION
==========

Electron microscopic study of cerebral sections showed that both blood vessels and cerebral tissue were altered after SAH. In previous studies, electron microscopy was used to describe ultrastructural differences in great arteries surrounding the area of hemorrhage \[[@B15], [@B16], [@B17], [@B18]\]. These observations were accompanied by vasoconstriction and pathological changes as endothelial cell swelling, internal elastic lamina thickening, endothelial and smooth muscle cell vacuolation and necrosis and loss of inter endothelial cell tight junctions \[[@B19], [@B20], [@B21]\]. Also, Micro-vessel constriction and reduced blood flow were observed with video microscopic system within 2 h of SAH in rats \[[@B22]\]. In another study; arterioles were damaged by microthrombi in SAH mice which showed higher rates of arteriole constriction when compared with the control group \[[@B23]\].

Mecklenburg and colleagues noticed ultra structural changes in the cerebral arteries in triple cisternal blood injection model in the baboon 7 days after the stimulation of SAH. The muscular layers started to destroy and the inter cellular space collagens were increased. In addition, the endothelial layers were disrupted and their tight junctions were lost \[[@B24]\]. However, Pickard et al. \[[@B25]\] did not observe any ultra structural changes within the cerebral arteries up to nine days after SAH in dogs. They, however, noticed the presence of some white blood cells and macrophages in the subarachnoid space and debris left by the SAH. In other studies, platelet adhesion and embolic materials were seen; but, ultrastructural differences in the micro-vessels and parenchymal vessels after SAH were not observed \[[@B23]\]. The ultrastructural disorders in arteries were associated with hypertension, atherogenesis, and endothelial damage after SAH \[[@B26]\]. Similar changes were also observed in our arterial findings, such as, vascular contraction, endothelial injury, and smooth muscle disruption. Also, intercellular spaces, cortical cellular microanatomy and nerve fibers had noticeably changed in SAH animals. Another finding in cerebral cortex of rats after induction of SAH was the presence of degenerated neurons, known as \"dark neurons\" surrounded by normal neuronal cells. These cells represent a neuronal injury, however reversible, after hypoglycemia \[[@B27]\]. Furthermore, the presence of macrophages in association with injured cortical sections indicated the phagocytosis of cellular debris was in progress. These observations further suggest that the neuronal response to diffuse impaired circulation would vary, where some neural components would be injured- dark neuron, others would be morphologically intact. Also, Giulian and Vaca (1993) suggested that brain inflammatory cells, blood-borne macrophages, during their phagocytic activities are the source of free radicals that participate in contact-mediated killing of neuronal cells, creating dark neurons. Also, the cytotoxic molecules released by injured or dying neural tissues are likely to be responsible for delayed ischemia \[[@B28]\].

The basilar artery changes were studied with both TEM and angiography 3\~7 after SAH in dogs \[[@B29]\]. More severe vasospasm was associated with a reduction in the diameter of arteries from 3\~7 days. Apoptotic-like changes were also observed in endothelial cells with cytoplasm and nuclear chromatin condensation around cortical and neurons that were damaged post cerebral ischemic stroke \[[@B29]\]. Ultra structural alterations in cortical neurons were inflated cytoplasm, abnormal organelles, vacuole formation and damaged membrane. However, both apoptotic and necrotic characteristics were evident in thalamic neurons. The nuclear shrinkage, chromatin condenses and cytoplasmic changes were observed as mentioned above \[[@B30]\].

The changes in neural stem cells (NSCs) can be traced with electron microscopic studies in animal models. Neurons derived from transplanted NSCs creating synaptic contacts are appropriate for use in the treatment of human vascular Parkinsonism \[[@B31]\]. Also, TEM assessment showed that NSCs can integrate into the host brain and are associated with neuronal differentiation \[[@B32], [@B33]\]. It is not yet fully clear that which mechanism occurs post MSCs injection to help injured cerebral tissue. Others reported that migration of MSCs towards damaged brain tissue depends on the specific signals expressed in astrocytes, neurons, and endothelial cells \[[@B34]\]. It seems that MSCs stimulate the cerebral area to activate endogenous restorative and regenerative mechanisms \[[@B35]\]. There is also some evidence indicating that stem cells have some kinds of intrinsic capacity to detect pathological areas within the brain, such as VEGF factors that are released in many neurological disorders. These vital growth factors can migrate towards damaged cerebral areas or traumatized brain \[[@B36]\]. Also, MSCs in TBI rats were shown to increase the number of microglia/macrophages in the injured area, particularly in the lumen near the lesion. These cells are able to produce several neurotrophic factors, which may activate endogenous repair processes in the damaged brain \[[@B12]\]. We were unable to find any related studies examining the electron microscopic changes within cerebral tissues after MSC transplantation in an animal model. Our TEM images confirmed that introduction of stem cells were involved in the fine recovery of the affected areas. In most regions, undisturbed neurons with distinct nuclear membrane as well as arterial wall repair were observed. There was less variation accompanied by partial improvement in SAH group after MSC transplantation, which is consistent with our previous observation \[[@B1]\]. In Conclusions, TEM observations confirmed that MSCs were capable of improving the damaged areas within cerebral tissues post SAH in rat. Further studies may confirm the possible applicability of MSCs in SAH therapy.

![Gross appearance of the circle of Willis in transcardially perfused rats. (A) The circle of Willis in normal control rat. Open circles and curved arrow mark the section of basilar artery and middle cerebral artery, respectively. Internal carotid artery (arrowheads), posterior cerebral artery (thick arrow), and anterior cerebral artery (arrow) are clearly visible. (B) The circle of Willis in post-SAH rat. Note large, organized blood clots along the lateral and ventral aspect of the medulla oblongata and basilar pons. General position of basilar artery is indicated by ++. Curved arrow indicates the position of middle cerebral artery. Cerebellum (cr).](en-23-77-g001){#F1}

![Light micrograph of middle cerebral artery from experimental groups. (A) Note the absence of spasm or heavy corrugation in SAH+PBS rat. (B) A severely spastic middle cerebral artery from a rat in SAH+MSC group.](en-23-77-g002){#F2}

![Cerebral tissue of parietal lobe from rats. (A) The section showing the general appearance of the gray (g) and white (w) matters in SAH+PBS rat. Extensive neural swellings are visible in cortex. (B) Part of cerebral tissue in SAH+MSC group. Note the heavy infiltration of cerebral cellular elements (star). Arrow indicates the surface of parietal lobe.](en-23-77-g003){#F3}

![Ultrastructure of middle cerebral arteries from animals in different groups. (A) Convoluted and distorted endothelial cells (arrowheads). Note, severely injured smooth muscle cell (s) with irregularly widened intercellular spaces are demonstrated in artery from group SAH+PBS. Sub endothelial cell debris (arrow). (B) Entire arterial wall following SAH+MSC. Mild injury to all layers (intima, media, and adventitia) is visible. Internal elastic membrane (I); smooth muscle cell (S); adventitial layer (ad). (C) The irregular surface of the luminal side after SAH+PBS. Convoluted endothelial cells with severely invaginated nuclei are visible. (D) Noticeable convoluted and distorted endothelial cells, migration of cellular debris into the widened subintimal layer (arrowheads) are clearly demonstrated in spastic arterial wall in group SAH+MSC.](en-23-77-g004){#F4}

![Semi-thin sections of parietal corteses. (A) Few injured neurons \"dark neurons\" surrounded by normal neurons from semi-thin of SAH+PBS rat. (B) Normal neuronal cells from animal in SAH+MSC group. Note intact neurons with large nuclei and prominent nucleoli. Cortical capillary (star).](en-23-77-g005){#F5}

![Ultrastructual images of parietal corteses in different rat groups. (A) Damaged neural elements, including myelinated axon (arrow) from SAH+PBS. Note the pre-neural edema (solid arrow) and degenerated mitochondrion (M) in vicinity of normal mitochondrion (NM). Also, the dendrite (D) is abnormally shaped and distorted. (B) In the center of the field is a large transversally sectioned dendrite from SAH+MSC rat. Evenly spaced microtubules (arrow) are scattered in the dendritic cytoplasm. Arrowheads indicate the neurofilaments. There are also several relatively damaged myelinated axons with normal mitochondria. (C) An injured neuron \"dark neuron\" with characteristic of cell death, including the amorphous appearance of the cytoplasm, and disappearance of the nuclear membrane from SAH+PBS group. Damaged neural elements (arrows) are shown in this micrograph. Nucleus (N). (D) A relatively normal neuron with a prominent nucleolus and number of axon terminals (solid arrow) synapse with the cell body of the neuron from SAH+MSC group. Note, also the denderites (D) with no sign of damage. Nucleus (N). (E) Much of the perikaryon is occupied by a large round nucleus (N) in SAH+MSC group. Note the presence of lipofuscin bodies (arrow) within the cytoplasm. Golgi apparatus (G); mitochondria (M).](en-23-77-g006){#F6}
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Summary of the morphological status in cerebral tissues in different groups of rats
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